ABSTRACT: Phosphatidylinositol bisphosphate (PIP 2 ) is an activator of mammalian inwardly rectifying potassium (Kir) channels. Multiscale simulations, via a sequential combination of coarse-grained and atomistic molecular dynamics, enabled exploration of the interactions of PIP 2 molecules within the inner leaflet of a lipid bilayer membrane with possible binding sites on Kir channels. Three Kir channel structures were investigated: X-ray structures of KirBac1.1 and of a Kir3.1-KirBac1.3 chimera and a homology model of Kir6.2. Coarse-grained simulations of the Kir channels in PIP 2 -containing lipid bilayers identified the PIP 2 -binding site on each channel. These models of the PIP 2 -channel complexes were refined by conversion to an atomistic representation followed by molecular dynamics simulation in a lipid bilayer. All three channels were revealed to contain a conserved binding site at the N-terminal end of the slide (M0) helix, at the interface between adjacent subunits of the channel. This binding site agrees with mutagenesis data and is in the proximity of the site occupied by a detergent molecule in the Kir chimera channel crystal. Polar contacts in the coarse-grained simulations corresponded to long-lived electrostatic and H-bonding interactions between the channel and PIP 2 in the atomistic simulations, enabling identification of key side chains.
Inwardly rectifying potassium (Kir) 1 channels are intrinsic membrane proteins that control the selective permeation of K þ ions across cell membranes. Members of this family of K þ channels regulate membrane excitability and transmembrane K þ fluxes and play important roles in many cells, including secretion of insulin from pancreatic β-cells, repolarization of the cardiac action potential, and kidney function (1) (2) (3) .
As revealed by X-ray diffraction (4, 5) , Kir channels are tetramers of four usually identical subunits. Each subunit has two transmembrane R-helices (M1 and M2) linked by a reentrant pore loop that dips back into the membrane to form the K þ selectivity filter. The N-terminus is linked to M1 by an amphipathic slide helix (sometimes known as M0) that lies in the plane of the membrane. Like the N-terminus, the C-terminus is intracellular, and both N-and C-termini interact to form a tetrameric cytoplasmic domain (6) that regulates channel gating. Channel activity is modulated by pH, ATP binding, and/or interactions with G-proteins via this intracellular domain. While many of these modulators are subtype specific, the anionic lipid phosphatidylinositol 4,5-bisphosphate (PIP 2 ) is thought to regulate all members of the Kir family (7, 8) . Intriguingly, although PIP 2 activates mammalian Kir channels (9) , it inhibits the bacterial channel KirBac1.1 (10, 11) .
Functional studies and mutagenesis data have implicated residues in both the N-and C-termini of the cytoplasmic domain in PIP 2 binding (e.g., refs (12) (13) (14) (15) (16) (17) ). Many of these residues are basic and thus capable of interacting with the negatively charged inositol triphosphate (IP 3 ) headgroup of PIP 2 . Recent crystallographic studies have enhanced our structural understanding of Kir channels (4) (5) (6) 18) , facilitating determination of the threedimensional location of residues that functionally interact with the lipid. Unfortunately, it has not been possible to cocrystallize PIP 2 bound to a Kir channel.
Two putative PIP 2 -binding sites for Kir channels have been described structurally. The first was derived from docking of IP 3 to a homology model of Kir6.2 (19) . The second was based on the location of a cocrystallized detergent molecule within the X-ray structure of a chimeric Kir3.1-KirBac1.3 channel [KirChim; PDB entry 2QKS, chain A (5)]. Although both models propose sites in the vicinity of the residues functionally implicated in PIP 2 binding, they lie ∼14 Å apart from one another. Significantly, the KirChim structure revealed that the loop connecting M2 and the C-terminal domain contains a single-turn R-helix. This helix was not included in the earlier Kir6.2 homology model (19) , as it is absent from the X-ray structures of both KirBac1.1 and the Kir3.1 C-terminal domain on which the Kir6.2 model was based.
Atomistic molecular dynamics (MD) simulations of membrane proteins have been used to identify lipid-binding sites for both KcsA (20) and the nicotinic acetylcholine receptor (21) and to characterize PIP 2 -PH domain interactions in a lipid bilayer (22) . However, the computing power required means atomistic MD simulations are generally of limited duration. More recently, coarse-grained (CG) simulation approaches (23) (24) (25) (26) (27) (28) that allow membrane protein simulations to be readily extended to a microsecond time scale have been used to predict nonspecific lipid-protein interactions for a wide range of membrane proteins (29) . CG-MD simulations allow the dynamic self-assembly of lipids around a protein of interest, enabling prediction of its position and orientation within a membrane (29) (30, 31) . It is therefore timely to address binding of PIP 2 to Kir channels using improved computational approaches and a refined channel model that is based on the most recent structural data.
In this study, we use CG-MD simulations of PIP 2 -containing lipid (phosphatidylcholine) bilayers (Figure 1 ) to explore the binding of PIP 2 to Kir channels. A multiscale simulation approach (32) is used in which the CG model of the Kir-PIP 2 complex in a lipid bilayer is first generated and then subsequently converted to a full atomistic model, thus permitting detailed atomistic MD simulations and analysis of the protein-PIP 2 interactions. We have applied this multiscale simulation approach to three Kir channels: a bacterial channel (KirBac1.1), a mammalian-bacterial hybrid channel (KirChim), and a mammalian channel (Kir6.2). X-ray structures are available for the former two; the latter is a novel homology model that incorporates the latest structural information and is supported by extensive functional data. The outcome of these simulations suggests a possible explanation for why PIP 2 may activate mammalian Kir channels but not their bacterial homologues. Figure S1 ). Each model was compared to its template to verify that the modeling step had not significantly altered backbone and side chain conformations.
METHODS
Coarse-Grained PIP 2 . The CG model for POPC, from MARTINI version 2.1 (35, 36) , was used as a template for the 1 0 -phosphate, glycerol, and acyl tails of PIP 2 (see Figure 1B for more details). The description of the ring of PIP 2 was based on a similar three-particle CG representation used for the rings in cholesterol (35) . All three particles of the ring were assigned the SP1 particle type. The description of the 1 0 -phosphate was used to generate the 4 0 -and 5 0 -phosphate particles, with both 4 0 -and 5 0 -phosphate particles assigned a charge of -2. CG-MD Simulations. CG-MD simulations were performed using Gromacs (version 3.3.3) (37) (www.gromacs.org) with the MARTINI version 2.1 force field (36) . An elastic network model was applied to the protein CR particles, using a distance cutoff of 7 Å and a force constant of 10 kJ mol -1 Å -2 (29) . A bilayer self-assembly protocol (29) was used to deduce the position of a Kir channel in a PIP 2 -containing lipid (POPC) bilayer. For each of these simulations, the Kir channel was positioned at the center of a 160 Å Â 160 Å Â 160 Å periodic box and randomly surrounded by 550 POPC, 8 PIP 2 , and ∼17500 water molecules. Each simulation was run for 50 ns, with the bilayer generally forming after 10 ns (see Figure S2 of the Supporting Information), with limited deformation around the protein. Each simulation was then extended by 0.5 μs to assess PIP 2 protein contacts in either leaflet of the bilayer.
Although PIP 2 molecules inserted into both leaflets of the bilayer during the self-assembly process, the majority of PIP 2 -Kir interactions occurred in the cytoplasmic leaflet (as defined by the channel orientation), close to the interfacial slide helix of the channel ( Figure S3 of the Supporting Information). Thus, we conclude that, as might be anticipated from the restriction of PIP 2 to the inner leaflet of cell membranes, PIP 2 primarily interacts with the intracellular surface of Kir channels. In all subsequent simulations, we therefore restricted PIP 2 to the inner leaflet of the bilayer.
To assess the interactions of PIP 2 in the intracellular leaflet of the bilayer with the Kir channels, a preformed POPC bilayer was aligned with the self-assembled bilayer, with lipids overlapping the protein removed. Four PIP 2 molecules were then positioned within the inner leaflet of the bilayer, at either the sides or the corners of the 140 Å Â 140 Å Â 160 Å simulation box. Each simulation was run for 0.5 μs, with a total of eight simulations performed for each Kir channel (i.e., four for each PIP 2 starting position). In six cases, for each channel and PIP 2 starting position, the simulations were extended to 1.5 μs.
CG to Atomistic Conversion. To convert the CG lipid to an atomistic model, energy-minimized atomistic lipid fragments were aligned with the CG particles, with the missing atoms between each particle extracted and appended to the CG lipids. The atomistic lipids were then energy minimized to refine bond lengths and angles and to remove any clashes that resulted from the conversion (see Figure S4 of the Supporting Information).
To convert the protein representation, atomistic protein side chains were aligned with and substituted for the CG particles used to model the side chain. Pulchra was used to grow the protein backbone from the CR trace (38) before Modeler added any missing atoms. The protein structure was then energy minimized using the conjugant gradient approach (33) .
Atomistic MD Simulations. Atomistic MD simulations were performed with Gromacs using the GROMOS96 43a1 force field (39) . Simulations were performed using semi-isotropic pressure coupling with the Parrinello-Rahman barostat (40) . The temperature of the system was coupled to an external bath held at 300 K, using the Berendsen themostat (41). The water model used was SPC (42) . The LINCS algorithm was used to constrain bond lengths (43) . Long-range electrostatics, up to 10 Å , were modeled using the particle mesh Ewald (PME) method, while a cutoff of 10 Å was also used for van der Waals interactions. Gromacs was used to add hydrogen atoms to the models. The system was then subjected to unrestrained MD for 20 ns, during which coordinates were saved every 10 ps for analysis. Analysis of the simulations was performed using Gromacs and locally written code (37) . Visualization used VMD (44) and Pymol (version 1.0) (45) .
RESULTS
Coarse-Grained MD Simulations. To identify the PIP 2 -binding sites, Kir channels were positioned in a preformed bilayer in orientations defined by self-assembly simulations (29) (see the Supporting Information for details). In each case, four PIP 2 molecules were placed in the inner leaflet of the bilayer, between 30 and 50 Å from the protein ( Figure 1A ). For each Kir channel, a series of eight CG simulations was performed, each with a duration of 0.5-1.5 μs, with the four PIP 2 molecules ( Figure 1B ) positioned either at the corners or at the sides ( Figure 1C ) of a 140 Å Â 140 Å Â 160 Å simulation box.
In these simulations, the PIP 2 molecules diffused from their initial positions in the lipid bilayer to form contacts with the channel protein that were initiated within ∼0.1 μs and became established within 0.5 μs (Figure 2A) . A distance cutoff of 6 Å [as used in previous CG studies (46) ] was used to define contacts made between the PIP 2 headgroup and the Kir channels during the CG simulations. Analysis of the total number of contacts as a function of simulation time (Figure 3) suggests that the CG interactions between the protein and ligand have generally equilibrated within ∼0.25 μs. Once bound, the lipid remained attached to the protein even if the simulation was extended to ∼5 μs (data not shown).
The PIP 2 molecules generally converge upon a single site that is common to all four subunits ( Figure 4) . As frequently found, this site is located at the interface between subunits, with residues in and around the slide (i.e., M0) helix and within the immediate post-M2 region [post-M2 loop, residues 173-180 (Kir6.2 numbering)] making the primary interactions with the PIP 2 headgroup ( Figure 2B and Figure S5 of the Supporting Information).
In the simplest scenario, all four sites on the channel (i.e., one per subunit) became occupied by PIP 2 molecules. However, this only occurred in ∼25% of simulations. In ∼50% of cases, competition between two PIP 2 molecules for a single site resulted in one or two sites being left unoccupied. In only ∼15% of the Although PIP 2 binds to the same region in all three channels, the amino acid compositions of these sites are different for each channel. The most divergent is KirBac1.1, which shares the lowest degree of sequence homology with the other two channels. As might be expected for a binding site for an anionic lipid like PIP 2 , basic side chains and amphipathic aromatic side chains predominate in the region occupied by the PIP 2 headgroup. Indeed, basic residues alone are predicted to account for 40-50% of the contacts of the PIP 2 headgroup with the proteins. In KirBac1.1, seven Arg, two Lys, three Trp, and three Tyr residues interact with PIP 2 , whereas in KirChim, the contacts are formed by five Arg, four Lys, and two Trp residues; in Kir6.2, the contacts are formed by six Arg, five Lys, and three His residues and one Trp residue ( Figure 5 ). The interactions of the lipid tail are less specific than that of the PIP 2 headgroup (reflecting the less directional nature of hydrophobic contacts), with contacts made primarily with hydrophobic residues in the slide, M1, and exterior face of the M2 helices. The primary role for the tails appears to be to anchor the PIP 2 molecule in the bilayer, at a position that enables the IP 3 headgroup to interact with the key basic residues. As with the headgroup contacts, these interactions generally involve two adjacent subunits.
The predicted binding site is proximal to, but distinct from, that of the nonyl glucoside detergent molecule, which was cocrystallized in the KirChim structure (5) . The detergent molecule is smaller than PIP 2 and lacks the anionic headgroup, so it is not surprising that it binds to a slightly different site. Indeed, it is possible that the detergent inhibited binding of the PIP 2 analogue that was included in the crystallization buffer (5) .
Atomistic MD Simulations. To investigate the PIP 2 -binding site in more detail, the coarse-grained system was converted to an atomistic representation, including proteins, bound PIP 2 molecules, and lipids (see Methods for details). For each channel, a CG system in which all four PIP 2 molecules were bound to the channel at distinct sites was selected for conversion. This was used to initiate an atomistic MD simulation 20 ns in duration for each channel species. These simulations were conformationally stable, with an overall CR rmsd of ∼4.5 Å over 20 ns for each Kir channel and of ∼3 Å for the core structural elements (i.e., excluding the loops) ( Figure S6 To evaluate the specific binding of PIP 2 , the hydrogen bonds formed between PIP 2 headgroups and the protein side chains during the course of the 20 ns of simulation were calculated. These correlated well with the close contacts identified by the CG simulations ( Figure 5 ). In particular, most of the PIP 2 -basic side chain interactions were retained. Thus, from the atomistic simulations, the interactions with basic residues are as follows: four Arg and two Lys residues for KirBac1.1 and for KirChim and three Arg and four Lys residues and one Trp residue for Kir6.2. The interactions of the lipid tails are similar to those observed in the CG simulations.
A more detailed comparison of the H-bonding interactions between the headgroup of PIP 2 and the three Kir proteins, and a sequence alignment of the regions involved, is presented in Figure 6 . Residues implicated in simulations are in good agreement with the available functional data (which is limited to KirBac and Kir6.2). Thus, for Kir6.2, the residues that form the majority of H-bonds in simulations [R50, R54, K67, R176, and R206 ( Figure 5) ] are also implicated in PIP 2 binding and channel modulation (7, 8, 15, 19) . Residues that interact in the KirChim simulation include R28 (54), K41 (67), R43 (69), K130 (170), K135 (175), K136 (176), and R166 (206) (numbers in parentheses indicate the corresponding residues in Kir6.2). All of these residues are provided by the mammalian Kir3.1 segment of the KirChim construct and have been implicated in interactions of PIP 2 with Kir2.1 (48) (49) (50) .
Thus, we may be reasonably confident that the PIP 2 sites identified by our multiscale simulations are in good agreement with the available functional data. It is notable that (using the Kir6.2 numbering) residues equivalent to R50, R54, K67, R69, K170, H175, R176, and R206 are predicted to contribute to the PIP 2 -binding site in both the Kir6.2 model and the (semiopen) KirChim X-ray structure. Significantly, the bacterial KirBac1.1 channel forms different interactions, with the primary H-bonds to KirBac1.1 including R36 (44), S46 (54), R49 (57), K57 (65), R148 (170), R151 (173), and K155 (177) (numbers in parentheses indicate the corresponding residues in Kir6.2). Residue 49 has been previously suggested to interact with membrane phospholipids on the basis of mutagenesis studies (51) .
DISCUSSION
Biological Implications of Results. Multiscale simulations have enabled us to predict PIP 2 -binding sites for three different Kir channels: Kir6.2, KirBac1.1, and a chimeric channel, KirChim, that contains elements of both pro-and eukaryotic channels. For the KirChim channel, it is possible to compare the PIP 2 site predicted by multiscale simulations with that based on the observation of a bound nonylglucoside detergent molecule in one conformation (the dilated state) of the X-ray structure of the channel (21) . The two sites are close, but the headgroup of the simulated PIP 2 molecule is displaced by ∼5 Å laterally, relative to the glucosyl group of the detergent. There are also differences in contacts between the two sites, such that the site predicted by the simulation optimizes the number of phosphate-basic side chain contacts between the PIP 2 headgroup and the protein. As discussed above, there are some detailed differences between the PIP 2 headgroup-protein side chain contacts for the three different Kir channels, but the overall pattern of PIP 2 interacting with a cluster of basic side chains [as is the case in other PIP 2 -binding proteins, e.g., PH domains (52)] is conserved.
We note that for Kir6.2, the simulated-predicted binding site for PIP 2 differs somewhat from that proposed previously by Haider et al. (19) . This is probably due to two factors. (i) The structure of the post-M2 loop in the current model of Kir6.2 differs from that in the earlier model. (ii) In the earlier study, the IP 3 headgroup of PIP 2 was docked to the Kir6.2 model to identify the binding site, followed by addition of lipid acyl tails, while in our study, the initial protein-lipid contact was simulated in the presence of a bilayer. The latter approach was possible because of the multiscale strategy adopted.
Thus, the combination of a multiscale method with improved structural data for modeling has enabled a refined prediction of the PIP 2 -binding site. We note that related multiscale approaches have been used, in a different context, to explore the interaction of antibiotic inhibitors with bacterial ribosomes (53) . Our modeling studies, in combination with published functional data, enable the formulation of testable hypotheses concerning the relationship between the structure and mechanism of Kir channels.
A mechanism for PIP 2 -driven gating of Kir channels remains somewhat elusive. However, the steps involved in Kir gating may be proposed on the basis of the two conformations of the cytoplasmic domains found in the KirChim crystal structure (while noting that detailed functional data are not available for KirChim). In the constricted pore conformation of the cytosolic domain, the C-terminal domain is positioned ∼6 Å lower (relative to the transmembrane domain) than in the alternative state in which the cytoplasmic pore is in a dilated conformation. The gate at the M2 helix bundle crossing is closed in both structures. The position of the PIP 2 molecule in its binding site is in an ideal location to facilitate the upward motion of the C-terminal domain associated with a switch from the constricted to dilated conformation, through interactions with basic residues.
Among the differences between the sequences of mammalian Kir channels (which are activated by PIP 2 ) and bacterial Kir channels (which are inhibited by PIP 2 ), there is an insertion of three residues that form a single turn of an R-helix in mammalian channels (see Figure 6C ). This alters the orientation of a number of residues within the PIP 2 -binding site, including R176 and R177 (using Kir6.2 numbering), and so is likely to modify the mechanism by which PIP 2 molecules induce conformational change(s) in Kir channels. In the majority of Kir channels crystallized to date, a salt bridge is found between a glutamate (E292 in Kir6.2) in the cytoplasmic gating loop and a highly conserved arginine (R301 in Kir6.2). This interaction is disrupted in the more dilated conformation of the gating loop, being replaced by a possible interaction between E292 and the residue equivalent to R177. This latter interaction is too distant in the KirChim crystal structure (∼6 Å ) but is frequently observed in MD simulations of the Kir channels. We suggest that the observed interactions of R176 with PIP 2 could pull on the post-M2 loop, which includes the single-turn R-helix specific to the mammalian Kirs. In turn, this could draw upon the R177-E292 salt bridge and open the cytoplasmic gating loop.
The absence of the single-turn R-helix in the KirBac1.1 channel alters this mechanism. In this case, we suggest that K155, the residue equivalent to R177, forms a salt bridge with the gating loop glutamate (E262) in the open state of the channel. However, upon PIP 2 binding, the absence of the single-turn helix (and hence of a residue equivalent to R176) allows K155 to alter its conformation and interact with PIP 2 . In turn, this breaks the salt bridge with the gating loop glutamate, resulting in collapse and closure of the cytoplasmic region of the channel.
The mechanism that leads to transmission of these changes to the transmembrane region is also poorly understood. In the mammalian channels, it seems likely that the binding of PIP 2 modifies the position of the slide (M0) helix to release restraints upon the packing of the M2 helices. This, in addition to the contacts made with the post-M2 loop, would allow the M2 helices to kink and swivel about the glycine hinge (54-57) thus widening the pore in the region of the helix bundle crossing (58, 59) of the channel.
Critical Evaluation of Methods. The primary aim of this study was to identify the binding site for PIP 2 in both mammalian and bacterial Kir channels, and to compare the differences between these two classes of Kir channels. CG-MD simulations have provided a successful tool for predicting interactions of lipids with proteins (29) , and therefore, this method was used to predict the interactions of the anionic lipid PIP 2 with Kir channels. Unlike a previous computational study (19) , our simulations take into account the whole of the PIP 2 molecule, encompassing both the role of the tails in anchoring PIP 2 to the membrane and specific contacts made by the IP 3 headgroup. The simulations also allow for a degree of protein flexibility during the encounter of the protein with PIP 2 ; i.e., this method allows "dynamic docking" of PIP 2 to the Kir channels over an extended time scale, with enhanced sampling in comparison with previous atomistic simulations. Percentage of hydrogen bonds made between the PIP 2 molecules and the side chains of the three different Kir channels. The numbering for Kir6.2 is shown along the y-axis. For the sake of clarity, only residues that form more than 5% of the total hydrogen bonds over the course of the simulations are shown. (C) Sequence alignment of the three Kir channels investigated. Residues that form greater than 5% of the total hydrogen bonds with PIP 2 are highlighted in bold. The three residues absent from the post-M2 loop of KirBac1.1 are shown as hyphens.
To test the specificity of the Kir6.2-binding site for PIP 2 , a set of five CG simulations were performed, in which a simpler anionic lipid [palmitoyloleoylphosphatidylglycerol (POPG)] was substituted for PIP 2 . In these instances, the interactions of POPG were far more transient (dwell time of <50 ns), with the POPG lipids binding and unbinding within the PIP 2 site throughout the course of the simulations. There are also differences in the interactions of the POPG headgroup, with interactions with the N-terminal R50 and C-terminal R176 and R201 residues greatly weakened.
Our approach combined extended (0.5 μs) CG-MD simulations with relatively short (20 ns) atomistic MD simulations to evaluate and refine the CG models of the Kir-PIP 2 complexes. Such a serial multiscale approach (32) differs from a parallel multiscale approach in which, for example, the protein and some lipids would be represented atomistically while the surrounding bilayer environment was represented in a more coarse-grained fashion. The serial multiscale approach is relatively straightforward to implement, avoiding issues of, for example, changes in granularity as a lipid molecule moves between outer and inner regions (60) .
The behaviors of the PIP 2 molecules in both the CG-MD and atomistic MD simulations are comparable to those observed recently (61) , with the 1 0 -phosphate sitting within the average phosphate plane, ∼20 Å from the bilayer center, while the 4 0 -phosphate extends ∼5.2 Å into the solvent along the bilayer normal (z). Further more detailed comparisons with published atomistic MD simulations of PIP2-containing bilayers will be possible in the near future.
Multiscale simulations thus provide a novel approach to identifying lipid-binding sites in ion channel proteins. Previous computational approaches to interactions of lipids with KcsA (20) , with Kv channel voltage sensors (62) , and with the nicotinic acetylcholine receptor (21) have relied upon analysis of relatively short atomistic simulations guided by preexisting structural and/or modeling data. In this study, we were able to use multiscale simulations to both predict and subsequently refine and analyze channel-lipid interactions. The resultant models are likely to be suitable starting points for more extended (∼1 μs) atomistic simulations (63) , which may reveal aspects of conformational changes induced by interactions with PIP 2 and other ligands of Kir channels.
In summary, our studies indicate that multiscale simulations enable us to predict lipid interaction sites on membrane proteins, starting from either X-ray structures or homology models. Given the growing body of evidence for the structural (64) and functional importance of protein-lipid interactions (65, 66) , this is a valuable contribution of simulationbased approaches.
